Background: Chronic kidney disease (CKD) is associated with a decreased intestinal barrier function, causing bacterial translocation over the intestinal wall and triggering a systemic inflammatory response. Butyrate, a short-chain fatty acid produced by certain bacterial strains, is considered instrumental to keep the intestinal barrier intact. There are indications that a decreased amount of these specific bacterial species is part of the cause of the decreased intestinal barrier function in CKD. The aim of this study is (i) to determine if Dutch patients with end-stage renal disease (ESRD) have a decreased amount of butyrateproducing species and butyrate-producing capacity and (ii) whether this correlates with systemic inflammation. Methods: We used qPCR to evaluate the most abundant butyrate-producing species F. prauznitzii, E. rectale and Roseburia spp. and the BCoAT gene, which reflects the butyrogenic capacity of the intestinal microbiota. Fecal samples were collected from healthy kidney donors (n=15), preemptive renal transplant recipients (n=4) and dialysis patients (n=31). Markers of inflammation (CRP and IL-6) and intestinal permeability (D-lactate) were measured in plasma. Results: Patients with ESRD did not have a significantly decreased amount F. prauznitzii, E. rectale and Roseburia spp. or the BCoAT gene. Neither was there a significant correlation with CRP, IL-6 or D-lactate. On the individual level, there were some patients with decreased BCoAT levels and increased levels of CRP, IL-6 and D-lactate. Conclusions: Patients with ESRD do not have a decreased amount of the most abundant butyrate-producing species nor a decreased butyrate-producing capacity.
Introduction
Despite the improvements that have been made in treatment modalities for patients with chronic kidney disease (CKD), morbidity and mortality rates remain high. Cardiovascular disease is the leading cause of morbidity and mortality and accounts for 50% of deaths in CKD patients regardless of biological age. 1 This (disproportional) rate of cardiovascular mortality is hypothesized to stem from the presence of specific nontraditional risk factors that accompany the loss of renal function, such as the alterations in the gut that are seen in CKD.
inflammation and atherosclerosis. 5 Systemic inflammation is associated with progression of CKD and is a mediator of a variety of complications in CKD such as anemia, cognitive impairment, insulin resistance and cardiovascular disease, 4, [6] [7] [8] which points out the importance of a healthy intestinal barrier. Microbes appear also to have essential functions for the maintenance of this intestinal barrier function. One of these functions is the production of butyrate.
Butyrate, a short-chain fatty acid, is an important energy source for the colonocytes. It is synthesized from butyrylCoA by the enzymes butyrate kinase and butyryl-CA: acetate CoA-transferase (BCoAT). Since the majority of human colonic butyrate-producing species use BCoAT for the last step of butyrate formation, this is considered as the dominant system for butyrate production. 9 Butyrate is known to promote cell differentiation, suppresses colonic inflammation and facilitate the transcription of Claudine-1, which enhances the tight-junction assembly. 3, 10 Therefore, butyrate might attenuate bacterial translocation and enhance the gut barrier function. It is found in little amounts in foods such as parmesan cheese and butter; nonetheless, intestinal levels are mainly dependent on bacterial fermentation of dietary fiber by specific bacterial species. 11 Butyrate can also be administrated, which appeared to be beneficial in a variety of gastrointestinal conditions such as diverticulitis and ulcerative colitis. 12, 13 A decreased amount of butyrate could be part of the cause of the decreased intestinal barrier function and thereby the systemic inflammation and high rate of cardiovascular disease in CKD. Studies in the Chinese population have pointed out a decreased amount of specific butyrateproducing species in different stages of CKD (non-dialysis), which also appeared to be correlated with inflammatory markers and was even associated with the progression of CKD. 14, 15 Thus, butyrate could be an interesting potential therapeutic target to decrease the systemic inflammatory response. However, literature on butyrate levels in CKD is scarce; the current available evidence is only based on the previously mentioned Chinese studies and there are no data on the western CKD population, which hinders the translation to actual intervention studies. In addition to this, the actual ability from the intestinal microbiota to synthesize butyrate has never been evaluated in CKD.
With our study, we aim to:
(I) Evaluate the presence of the most abundant butyrate-producing species in the Dutch population with end-stage renal disease (ESRD), which is the most severe form of CKD, and healthy controls. (II) Evaluate whether the abundance of these butyrateproducing species correlates with inflammatory markers and the intestinal barrier function. (III) Measure the actual capacity of the intestinal microbiota to produce butyrate in these patients.
Materials and methods

Patients and samples
We enrolled healthy kidney donors, preemptive renal transplant recipients (transplant before the need to start dialysis) and patients undergoing dialysis treatment. Participants had to be able to collect stool samples to be included in this study. Participants who had received antibiotic treatment within the past 6 months were excluded; otherwise, there were no exclusion criteria. This study was conducted according to the Declaration of Helsinki and all participants gave written informed consent prior to enrolment. From the kidney donors and the preemptive renal transplant recipients, samples were obtained one day before the scheduled renal transplantation. From each participant, blood and fecal samples were obtained and stored in the Biobank Renal Diseases in the Amsterdam UMC. This Biobank has been approved by the Biobank Ethical Committee of the Amsterdam UMC. Participants were asked to collect the fecal samples at home or in the Amsterdam UMC. Samples were kept at 7°C and were transported to the hospital in a cooler bag, after which they were immediately stored at −80°C. In addition to this, participants were asked questions about the use of antibiotics, prebiotics and dietary habits.
After the initial analysis of our patient samples, we performed an additional analysis of fecal samples from 7 young healthy volunteers at two time points (0 and at 3 months) to analyze the stability of the measured bacterial species and the butyrate-producing capacity of the intestinal microbiota.
DNA extraction
DNA was extracted from approximately 200 mg feces by using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany). Samples were kept frozen until DNA extraction by manufacturer manual for extraction of bacterial DNA was started. After extraction, DNA concentration was determined by using the NanoDrop photospectrometer (model ND2000, Thermo Fisher, Waltham, MA USA), after which the DNA was stored at 4°C until further processing.
qPCR
We used qPCR to quantify the total amount of bacterial DNA (16S), the three most abundant butyrate-producing species: F. prausnitzii, E. rectale, Roseburia spp. and the BCoAT gene (reflecting the ability of the intestinal microbiota to produce butyrate) in the fecal samples of each of the participants. For each of these outcome measures, a qPCR was set up by using the standard curve method for absolute quantification. Primers, listed in supplemental Table S1 , were synthesized by Sigma Aldrich. Amplification of the product for standard curve design was done at the BioRad 48 well PCR machine (S1000 thermal cycler, Bio-Rad, Hercules, CA, USA) qPCR assays were performed in a 96-well optical plate on the Step One Plus Cycler (StepOnePlus, Applied Biosystems, Foster City, CA, USA). All assays were carried out in triplicate. The reaction mixture consisted of 2 ng DNA, 5 µM of each primer, SensiFast SYBR No ROX Kit (BioLine, London, UK) SybrGreen and PCR Grade water (Roche, Basel, Switzerland). The copy number of target DNA was determined by serially diluting standards running on the same plate. Data was analyzed using StepOne Software 2.1 (Applied Biosystems, Foster City, CA, USA).
Biochemical analysis
CRP, IL-6 (inflammatory markers) and D-lactate (reflecting the intestinal barrier function) were measured in plasma. An automatic and validated immunoturbidimetric assay was performed to determine CRP levels by using a Roche Cobas C8000 with a c702 module (Roche Diagnostics, RischRotkreuz, Zwitserland). IL-6 was measured by using an ELISA assay. Plasma samples were measured in duplicates by using the Sanquin PeliKine human IL6 ELISA with Potassium binders (%) 0% 25% 16%
Abbreviations: SD, standard deviation; ADPKD, autosomal dominant polycystic kidney disease; CVD, cardiovascular disease; PPI, proton pump inhibitor.
additional reagents from the PeliKine Toolset (Sanquin, Amsterdam, the Netherlands). Absorption was determined by ELISA plate reader (BioRad, model 680). Quantification of the D form of lactic acid in the plasma samples was performed by using the highly sensitive method of ultra-performance liquid chromatography-electrospray ionization-tandem mass spectrometry, as described before. 16 The detection limit of this assay was 0.06 mmol/L, and D-lactate values below 0.06 are displayed as 0. In healthy subjects, D-lactate levels are below this detection limit.
Statistical analysis
All data analysis was conducted using IBM SPSS Statistics 23; graphs and figures were created using Graphpad Prism 7. The assumption of normality of each of the variable was assessed both visually and trough normality tests, of which the skewness, kurtosis and Shapiro-Wilk test were performed. For positive rightskewed variables, a log transformation was checked for improvement. We used parametric tests in case of normal distributed variables or nonparametric tests in case of a persisting non-normal distribution or categorical variables.
(I) ESRD vs healthy donors
A one-tailed independent sample T-test or the MannWhitney U test was used to compare copy numbers of each of the bacterial species, the BCoAT gene, CRP, IL-6 and D-lactate levels between the dialysis group and the healthy kidney donors. Due to the small number of preemptive renal transplant recipients, no statistical comparison could be made between the preemptive renal transplant recipients and the other study groups.
(II) Correlation with inflammatory markers Depending on a normal or non-normal distribution, the Pearson (r) or the Spearman (ρ) coefficient was calculated for each of the butyrate-producing species, the BCoAT gene and CRP, IL-6 and D-lactate levels to evaluate a possible correlation. In this analysis, all study participants were included (n=50). Sensitivity analysis was performed for the dialysis group. Since in this analysis multiple correlations were tested, p-values <0.007 were considered as statistically significant after Bonferroni correction. 17 In an additional analysis, both the correlation (Pearson or Spearman) between each of the butyrate-producing species and the BCoAT gene were also evaluated, as well as the correlation between CRP, IL-6 and D-lactate. (III) Stability over time
The Wilcoxon signed rank test was used to compare the copy numbers of each of the butyrate-producing species and the BCoAT gene between the two time points.
Ethics approval and informed consent
All participants gave informed consent for participation in the Biobank Renal Diseases. This Biobank has been approved by the Biobank Ethical Committee of the Amsterdam UMC.
Results
We included 15 healthy kidney donors, 4 preemptive renal transplant recipients and 31 dialysis patients. Demographic characteristics are displayed in Table 1 . Copy numbers of the total amount of bacterial DNA (16S), each of the butyrateproducing species and the BCoAT gene are expressed per ng input DNA and are displayed in Figure 1 . Median copy numbers/ng input DNA for each group and for each of the bacterial species and the BCoAT gene are displayed in Table 2 . There were no significant differences between the groups for either of the butyrate-producing species or considering the butyrateproducing capacity. As expected, CRP, IL-6 and D-lactate were elevated in the dialysis group compared to the healthy kidney donors (p<0.05; p<0.001; p<0.05, respectively). There was no statistically significant correlation between either of the butyrate-producing species or the BCoAT gene and CRP, IL-6 or D-lactate (Table 3 ; Figure 2 ). The weak negative correlation between Roseburia spp. and D-lactate (ρ=−0.25, p=0.04) was not significant after Bonferroni correction.
Sensitivity analysis for only the dialysis group did reveal a positive correlation between F. prausnitzii, and CRP (ρ=0.34, p=0.03); however, this was not significant after Bonferroni correction (Table 3 ). There were 7 dialysis patients with values below the 25th percentile of the BCoAT gene. These patients did not share any specific patient characteristics (Table 4 ). The patients with elevated levels of D-lactate did not share specific patients characteristics either (Table S2) .
As expected there was a significant positive correlation between F. prausnitzii, E. rectale, Roseburia spp. and the BCoAT gene (ρ=0.48 p=0.001, r=0.56 p=<0.0001, ρ=0,38 p=0.003, respectively) and between CRP and IL-6 (ρ=0.64, p=<0.0001), as displayed in supplemental Figure 1 . There was a weak positive correlation between D-lactate and IL-6 Figure S1 ).
Additional longitudinal analysis in healthy volunteers
We evaluated 7 young and healthy individuals at two time points: 0 and 3 months. Table 5 shows the demographics of these healthy volunteers. Figure 3 shows the copy numbers of each of the bacterial species and the BCoAT gene at the two different time points. Copy numbers of the BCoAT gene, F. prausnitzii and E. rectale were relatively stable, as there was no significant difference between the two time points, whilst copy numbers of Roseburia spp. did fluctuate (p=0.03).
Discussion
In our study, we found no difference in the amount of the measured butyrate-producing species between healthy kidney donors, preemptive renal transplant recipients and dialysis patients, neither was there a decreased capacity to produce butyrate in either of the patient groups. There was no correlation between the butyrate-producing species or the butyrate-producing capacity and inflammatory markers or D-lactate on a population level. As expected, dialysis patients did have increased levels of the inflammatory markers and D-lactate.
Our results of the Dutch ESRD (CKD stage V) patients are in contrast with the decreased amount of butyrateproducing species that has been reported in Chinese patients with different stages of CKD (stage I-V). 14, 15 There are several explanations for these conflicting results. Instead of per gram of isolated DNA, the results from the Chinese studies were expressed per gram of stool, an outcome measure that is easily influenced by factors such as the effectiveness of the DNA-isolation step, but also by the consistency of the stool sample, which especially in CKD patients can differ because of the different recommendations about restrictions in fluid intake. Besides stool consistency, the composition of the intestinal microbiota is known to be influenced by many factors such as dietary habits, ethnicity, smoking and medication (among others antibiotics and proton pump inhibitors). [18] [19] [20] [21] In this prospect, it is difficult to compare the Chinese population to the Dutch population as there are many differences considering environmental, behavioral and genetic factors, which may have influenced test results. Our study is, to the best of our knowledge, the first study evaluating butyrate-producing species in the western CKD population. It is unclear whether demographic characteristics explain the difference in test results between the Chinese and Dutch patient population. The strength of our study is that this is the first time that the ability of the intestinal microbiota to produce butyrate has been evaluated in CKD patients. Quantification of the BCoAT gene has been pointed out as a valid tool to evaluate the butyrate-producing capacity of the intestinal microbiota and thus all butyrate-producing species. 22 The additional analysis we performed in healthy volunteers also points out that the BCoAT gene is a robust outcome measure, as it appears to be relatively stable over time. Our results are reported in copy numbers per nanogram input gDNA, which is less easily influenced by technical issues than the expression per gram of feces. We used D-lactate to evaluate the intestinal barrier function. D-lactate is the metabolic product of bacteria, and in normal conditions, its serum level is very low, below our detection limit of 0.06 mmol/L. 23, 24 When the intestinal mucosa is damaged, the intestinal permeability increases and serum D-lactate levels will increase. Therefore, D-lactate is considered as a sensitive marker assessing the intestinal barrier function. 25, 26 To the best of our knowledge, D-lactate is currently the best available method to evaluate the intestinal barrier function in patients with CKD. There are no validated methods in CKD, and most other markers evaluating the intestinal barrier function are influenced by renal function. 27 It is assumed that serum D-lactate levels are not influenced by renal function since studies have shown that D-lactate is metabolized in peritoneal dialysis patients without urinary production. 28, 29 Our study also has some limitations. Since we specifically focused on the intestinal butyrate production, we quantified the most abundant butyrate-producing species and the butyrogenic capacity of the intestinal microbiota. Quantitative PCR is a valid tool to measure actual copy numbers and to answer our research question. However, it is impossible to speculate about the composition of the intestinal microbiome in ESRD and the influence or competition with other bacterial species. In addition to this, all samples were collected at one time point, which we do consider as a limitation considering the interpretation of results from Roseburia spp. Furthermore, the included dialysis population was heterogeneous, from different ethnical backgrounds, with a wide variety of comorbidities and medication such as proton pump inhibitors. In the recent years, several studies have pointed out that a variety of medication, including these proton pump inhibitors, profoundly alter the intestinal microbiota. 30 In addition to this, the most common comorbidities among dialysis patients, including diabetes and cardiovascular disease, are also associated with alterations in the intestinal microbiome. 31, 32 Other factors that might influence the intestinal microbiota are the dietary restrictions imposed to these patients and also the dialysis procedure itself. Intradialytic hypotension, a common complication in hemodialysis patients, is known to result in regional hypo-perfusion that can also affect the gut mucosa. 33, 34 It is unknown whether this disturbance of the homeostatic environment also affects the composition of the intestinal microbiome and butyrate-producing species. Accordingly, even though our patient population does truly reflect the general dialysis population, many factors may influence intestinal health in dialysis patients, and in this study, it is impossible to speculate about the influence of all the separate factors. Use of PPI (%) 0% Antibiotics (%) <6 months 0%
Abbreviations: SD, standard deviation; CVD, cardiovascular disease; PPI, proton pump inhibitor. We included only 4 preemptive renal transplant recipients (ESRD not on dialysis). These patients did not start with renal replacement therapy yet, and thus had a less severe form of ESRD. As we did not find a significant difference between the dialysis patients and the healthy controls and results from these 4 patients were comparable to the dialysis patients, we do not expect that including more preemptive renal transplant recipients will change our results and conclusions.
Butyrate production F. prausnitzii, E. rectale and Roseburia spp. are the butyrate-producing species with the highest relative abundance. 35 Nevertheless, it is unknown what the exact contribution of each of these butyrate-producing species is to the total butyrate production. Our data suggest that whilst F. prausnitzii is by far the most abundant butyrateproducing species, E. rectale may deliver a greater contribution to the total butyrate production, as the correlation between the BCoAT gene and E. rectale was higher than the correlation between the BCoAT gene and F. prausnitzii. Thus, calculating the exact production of butyrate may be far more complex than the sum of the most abundant butyrate producing species.
Individual results
On a group level, no significant differences between healthy controls and ESRD patients in either of the outcome measures reflecting the intestinal butyrate production and no correlation between these outcome measures and the markers reflecting intestinal permeability or the systemic inflammatory response were found. On an individual level, there were patients with a decreased amount of the butyrate-producing species, a decreased capacity to produce butyrate and elevated levels of CRP, IL-6 and D-lactate. These patients did not share specific patient characteristics. Since in our patient group only a few patients had increased inflammatory markers and/or increased D-lactate levels, it is possible that our sample size was too small to detect a correlation between butyrate production and inflammatory markers and the intestinal barrier function. Thus, our results point out that a decreased amount of butyrate may be a realistic concern in some but not all ESRD patients, but a clear subgroup cannot be defined. Additionally, not all dialysis patients appear to have a decreased intestinal barrier function and not all patients have increased inflammatory markers. Further research is necessary to determine which factors influence the intestinal butyrate production on the individual level but also whether butyrate administration may be a possible therapeutic target to prevent and treat the systemic inflammatory response specifically in these patients.
Conclusion
In conclusion, we did not find a significant difference in the amount of the three most abundant butyrate-producing species or in the butyrate-producing capacity between patients with ESRD and healthy kidney donors, neither was there a correlation with CRP, IL-6 or D-lactate. Among the dialysis patients, the variability was high and we did identify patients with low amounts of the butyrateproducing species, a low butyrogenic capacity and high inflammatory markers or D-lactate. Further research is warranted to determine which factors influence the intestinal butyrate production on individual level, especially in hemodialysis patients.
Abbreviation list
CKD, chronic kidney disease; ESRD, end-stage renal disease; SD, standard deviation; ADPKD, autosomal dominant polycystic kidney disease; CVD, cardiovascular disease; PPI, proton pump inhibitor; r, Pearson coefficient; ρ, Spearman coefficient; M, male; F, female, Ethn, ethnicity; FSGS, focal segmental glomerulosclerosis; veg diet, vegetarian diet; CVD, cardiovascular disease; DM, diabetes mellitus; PPI, proton pump inhibitor; P04, phosphate; K, potassium; Cauc, Caucasian. 
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